Lutein and zeaxanthin are lipid-soluble antioxidants found within the macula region of the retina. Links have been suggested between increased levels of these carotenoids and reduced risk for age-related macular disease (ARMD). Therefore, the effect of lutein-based supplementation on retinal and visual function in people with early stages of ARMD (age-related maculopathy, ARM) was assessed using multifocal electroretinography (mfERG), contrast sensitivity and distance visual acuity. A total of fourteen participants were randomly allocated to either receive a lutein-based oral supplement (treated group) or no supplement (non-treated group). There were eight participants aged between 56 and 81 years (65·50 (SD 9·27) years) in the treated group and six participants aged between 61 and 83 years (69·67 (SD 7·52) years) in the non-treated group. Sample sizes provided 80 % power at the 5 % significance level. Participants attended for three visits (0, 20 and 40 weeks). At 60 weeks, the treated group attended a fourth visit following 20 weeks of supplement withdrawal. No changes were seen between the treated and non-treated groups during supplementation. Although not clinically significant, mfERG ring 3 N2 latency (P¼0·041) and ring 4 P1 latency (P¼0·016) increased, and a trend for reduction of mfERG amplitudes was observed in rings 1, 3 and 4 on supplement withdrawal. The statistically significant increase in mfERG latencies and the trend for reduced mfERG amplitudes on withdrawal are encouraging and may suggest a potentially beneficial effect of lutein-based supplementation in ARM-affected eyes.
. Present treatments are limited and costly (4, 5) . The psychological impact (6, 7) and reduced quality of life (8, 9) that occur during the later stages of the disease are devastating to individuals. As life expectancy increases, ARMD will become more prevalent (1, 10, 11) , highlighting the importance of prevention strategies. Oxidative stress is thought to increase the risk of ARMD development (12) . Thus, the role of antioxidant supplementation is of interest. The carotenoids lutein and zeaxanthin, collectively termed macular pigments, are lipid-soluble antioxidants found within the macula. Links have been suggested between increased levels of these carotenoids and reduced risk for ARMD development (13 -15) . High-dose antioxidant vitamins C, E, b-carotene and Zn have also been found to be effective in lowering the OR of developing advanced ARMD in a large trial undertaken by the Age-Related Eye Disease Study (16) . High levels of n-3 fatty acid consumption (.75 percentile) have shown protective effects against the development of advanced ARMD (17) . Cone axons contain the highest amount of macular pigments (18) where tubulin, a protein located in cone photoreceptor cytoskeletons, selectively binds to lutein and zeaxanthin (19) . Lutein and zeaxanthin are thought to reduce oxidative damage by filtering short-wavelength blue light within the macula (18) and by quenching light-induced singlet oxygen and related free radicals (20) . More recently, antiinflammatory effects of lutein in vitro, in vivo and directly within the retina have been reported (21) , suggesting that lutein may reduce the activation of inflammatory pathways in ARMD (22) . Vision can be assessed in numerous ways, as it is composed of many simultaneous functions allowing the perception of form, colour and movement. In most ARMD studies, visual acuity (VA) is used as a measure of visual function. However, this assesses only one small area of the retina, relies on subjective responses and does not provide an overall measure of macular function. Combined objective and subjective testing may provide greater insight into visual and retinal function when diagnosing ARMD and assessing treatment outcomes. Improvements in visual function have been reported in eyes with ARMD in studies involving carotenoids (23 -26) .
The multifocal electroretinogram (mfERG) objectively assesses localised areas of retinal function (27) by recording electrical potentials from many areas of the retina simultaneously (28) , which is useful for identifying focal pathology and monitoring the effects of clinical intervention (29) . The mfERG largely assesses cone photoreceptor and bipolar cell function (30) , and because macular pigments selectively bind to tubulin within cone photoreceptor axons (19) , the aim of the present study was to assess whether a lutein-based nutritional supplement would enhance mfERG measures (the primary outcome measure) in eyes with the earliest form of ARMD, age-related maculopathy (ARM), in concordance with the Carotenoids and Antioxidants in Age-related Maculopathy Italian Study (CARMIS) investigators who found increased central mfERG amplitudes in ARM eyes with lutein-based supplementation (25) . Secondary subjective measures assessed were VA and contrast sensitivity (CS).
Subjects and methods
The research was approved by the Aston University Human Sciences Ethical Committee. The tenets of the Declaration of Helsinki (31) and the consolidated standards of reporting trials (32) were followed. The study was registered with an
International Standard Randomised Controlled Trial Number (17842302). Participants were recruited from volunteers at the Aston University eye clinic. A total of fourteen participants with ARM were randomly allocated, using Microsoft Excel random number generator, to either receive a lutein-based oral supplement (treated group) or no supplement (non-treated group) at visit one. These were from an original cohort of sixteen participants, two of which withdrew without giving reason. Only one eye from each participant was studied. There were eight participants aged between 56 and 81 years (65·50 (SD 9·27) years) in the treated group and six participants aged between 61 and 83 years (69·67 (SD 7·52) years) in the non-treated group. All participants attended for three visits: visit one at baseline, visit two at 20 weeks and visit three at 40 weeks. The study was single-masked. At 40 weeks the unmasking occurred, and those in the treated group stopped taking the supplement. At 20 weeks after the treated group had ceased supplementation, all outcome measures were assessed once more for this group (60 weeks).
The supplement name was Ocuvite Duo (Bausch and Lomb). All of the nutrients were within the safe upper levels, as defined by the Food Standards Agency (see Table 1 ) (33) .
Inclusion criteria
Suitability for inclusion was evaluated by questionnaire, fundus photographs and VA. For inclusion, participants had to provide written informed consent and were required to have: best-corrected distance VA of 0·2 logarithm of the minimum angle of resolution (LogMAR) or better (for good mfERG central fixation); clear optical media, as determined by a clear view of the fundus; and no signs of other retinal or optic nerve disease other than ARM (as determined by fundal photography and questionnaire) in the study eye, as well as good general health (as determined by health questionnaire) and no prescribed medication that can affect the retina (as determined by health questionnaire). The International ARM Group has defined an international classification system for quantifying and defining the different subgroups of ARMD in an attempt to permit easier comparison of research findings between groups (34) . They define ARM as a disorder of the macular area, most apparent after the age of 50 years and characterised by areas of soft drusen, hyperpigmentation in the outer retina or choroid with drusen or hypopigmentation of the retinal pigment epithelium with drusen. This classification system was used to recruit ARM participants for the present study.
Exclusion criteria
Certain factors excluded potential participants, and these were: moderate-to-dense lens opacities, intraocular lens, corneal opacities, glaucoma or ocular hypertension, previous history of intraocular inflammation, previous history of retinal detachment, retinal disease (other than ARM), previous retinal laser, diabetes, systemic hypertension, history of ocular trauma, neurological disease, age-related macular degeneration (AMD) in the studied eye, drugs causing retinal toxicity, previous ocular surgery and epilepsy.
Multi-focal electroretinography
A VERIS science 6.1 (Electrodiagnostic Imaging) was used to record the mfERG. The stimulus, consisting of sixty-one scaled hexagons, was displayed on a high-resolution, blackand-white cathode ray tube monitor 30 cm £ 30 cm, with a frame rate of 75 Hz. The stimulus radius subtended approximately 208 of the visual field. Each hexagon was independently alternated between white (200 cd/m 2 ) and black (1 cd/m 2 ) according to a pseudorandom binary m-sequence (35) . Recording time was divided into eight 30 s segments. Fixation target perception was confirmed before the testing commenced. Each subject's vision was corrected with the VERIS refractor/ camera system (Electrodiagnostic Imaging). The participant's eye was monitored throughout testing using this system. Pupils were dilated with tropicamide 1 % (Bausch and Lomb).
Gold cup electrodes filled with Signa gel (Parker Laboratories) were applied to the forehead at 1 cm posterior to the temporal canthus after cleaning with Nuprep (Weaver and Company). A Dawson Trick Litzkow fibre electrode was placed along the sclera adjacent to the lower eyelid. Proxymetacaine hydrochloride 0·5 % (Bausch and Lomb) was instilled to minimise blinking during recording. Any recordings contaminated with artefact were repeated. The untested eye was obscured throughout recordings. One iteration of artefact removal was performed for each mfERG recording, removing small eye movement artefacts. The mfERG measures were N1, P1 and N2 latency and N1P1 amplitude (Fig. 1) , and these were assessed for five rings of retinal eccentricity (Fig. 2) .
Contrast sensitivity
The Pelli-Robson CS test (Clement Clarke International Limited) was measured at a 1 m distance in the same room for each visit, with a background luminance of 142 lux.
Visual acuity
LogMAR distance VA testing was measured using a 3 m ETDRS 750 lux retro-illuminated chart (Sussex Vision). The eye with the best-corrected distance VA was determined at the participant's first visit and this eye was assessed for subsequent visits. If one eye had ARM, this eye was used. If both eyes had ARM, the eye with the best-corrected distance VA was used to ensure good mfERG fixation.
Intraocular pressure
Non-contact intraocular pressure readings (Topcon CT-80 non-contact tonometer, Topcon) were taken prior to instillation of tropicamide 1 %.
Fundus photography
Central 458 fundal photographs were taken with a Topcon TRC-NW8 (Topcon) at each visit to determine changes in fundus or media opacity. A central fixation target for each visit was used to ensure identical fundus positioning. No participants progressed from ARM to AMD throughout the trial.
Food diaries
Food diaries were given at visits one, three and four, and were filled in over two weekdays and one weekend day. Data were analysed using the Weighted Intake Software Package (Tinuviel). Lutein values were taken from the United States Department of Agriculture nutrient databank, release 23 (http://www.ars.usda.gov/SP2UserFiles/Place/12354500/Data/ SR23/nutrlist/sr23a338.pdf). Although not contained within the supplement, dietary levels of carotene (plant forms of vitamin A) and retinol (animal forms of vitamin A) were also analysed because of the potential protective effect of vitamin A against ARMD (16, 36) .
Statistical methods
All sample sizes provided 80 % power at the 5 % significance level for all outcome measures to detect a change in effect size greater than 0·1 LogMAR for VA, 0·30 log units for CS, 66·08 nV/deg 2 for central mfERG amplitude and 6·0 ms for central mfERG latency. These effect sizes were based on previous studies (25,37 -39) . All statistical analyses were undertaken using SPSS 16.0 (IBM). A x 2 test for independence demonstrated no difference between treated and non-treated groups for sex (x 2 ¼ 0·729, P¼0·393). Group baseline characteristics are detailed in Table 2 and were analysed using independentsamples t tests. A mixed between-within subjects ANOVA was conducted to explore the effects of supplementation compared with no treatment for all outcome measures. This provided analysis of the between-subjects variable (treated and non-treated group), within-subject variable (time) and interaction effects on outcome measures. All eight treated participants underwent mfERG at visit one and visit three. Therefore, to exploit this greater sample size, paired-samples t tests were carried out. An independent-samples t test assessed any dietary differences throughout the study. Paired-samples t tests were used to assess the effects of withdrawal of the supplement between visits three and four.
Results

Supplementation
Due to technical difficulties, seven participants (four in the treated group and three in the non-treated group) undertook mfERG for all three visits. However, VA and CS were undertaken on all participants. All participants were Caucasian. Of the treated group, seven participants (88 % of the eight treated participants) returned their baseline dietary questionnaire. Of the non-treated group four returned their baseline dietary questionnaire (67 % of the six non-treated participants). For mfERG outcome measures, there was no significant interaction between the treated and non-treated groups between visits one and three. There were no effects for time or group (treated v. non-treated), except for rings 3 (P¼0·021) and 4 (P¼0·016) N1P1 amplitude for time, with the amplitudes of both rings for both groups reducing between visits one and two and increasing between visits two and three. These results have no clinical significance, as these values are less than the coefficient of repeatability values obtained within our laboratory.
Paired-samples t tests between visits one and three demonstrated that, although not clinically significant, there was statistical significance for ring 3 N1P1 amplitude, with amplitude increasing by 6·67 nV/deg 2 (t ¼ 22·787, P¼0·027) between visits one and three. All participants undertook VA and CS assessment at all three visits. There were no significant changes between the treated and non-treated groups over 40 weeks for these measures.
Of the seven people in the treated group who completed the baseline dietary questionnaire, five completed a further questionnaire at visit three. Of the four people in the nontreated group who completed the baseline dietary questionnaire, four completed a further questionnaire at visit three. An independent-samples t test demonstrated no significant difference for any of the dietary components between visits one and three in the treated group or for the non-treated group (P. 0·05).
Participants were asked to return any boxes of the supplement that were not taken at visit 3. Those who forgot to bring back the tablets were asked to contact an investigator after counting tablets at home. Patient compliance was elicited using supportive language to minimise the number of participants concealing supplement non-adherence (40) and reporting lower levels of remaining tablets than was actually the case. The sole reason for non-adherence was forgetfulness. The mean compliance, measured as the percentage of tablets taken, was 81·1 (SD 13·0) %.
Withdrawal
All eight treated participants at visit 3 were able to return for visit 4 and undertook all tests for both visits. Of the eight participants, four completed a dietary questionnaire at visit 3, of which three completed a further questionnaire at visit 4.
The data were analysed using paired-samples t tests, as parametric assumptions were met. After withdrawal of the nutritional supplement for 20 weeks, no statistically significant changes were seen for any outcome measure except for mfERG ring 3 N2 latency (P¼0·041) and ring 4 P1 latency (P¼ 0·016), which increased. There was a trend for reduced mfERG amplitudes in rings 1, 3 and 4, although not clinically significant based on mfERG repeatability studies. There were no changes in dietary levels of nutrients during the withdrawal period. 
Discussion
There were no changes to outcome measures when comparing treated and non-treated groups over 40 weeks. An increase in mfERG ring 3 N1P1 amplitude was seen over 40 weeks in the treated group alone when paired-samples t tests were used to exploit the greater sample size. This improvement in retinal function may be due to antioxidant and antiinflammatory effects of the nutrients within the supplement, in reducing early, underlying inflammation in the outer retina and photoreceptors (15, 21, 36, 41) . Although not clinically significant, based on repeatability studies from our laboratory, on withdrawal of the supplement, there was a trend for a reduction in mfERG amplitudes in rings 1, 3 and 4 and statistically significant increases to mfERG ring 3 N2 latency and ring 4 P1 latency. Again, this may be due to the withdrawal of antioxidant and anti-inflammatory protection provided by the supplement.
Richer concluded that lutein supplementation in fourteen males with atrophic AMD improved CS and VA (26) , although CS and VA assessment, ARMD type and sex composition differed from the Aston study. Supplement formulation was also incompatible, with spinach used for eleven subjects and the remainder receiving a lutein-based antioxidant.
The Lutein Antioxidant Supplementation Trial investigators concluded that 12 months' supplementation with 10 mg lutein, or 10 mg lutein with other carotenoids, antioxidants and minerals, improved CS (24) . A larger sample size of ninety participants, predominantly male, with atrophic AMD means that results may not be comparable with the Aston study.
Bartlett & Eperjesi (42) found that supplementation with 6 mg of lutein combined with vitamins and minerals was not beneficial for improving CS in fifteen eyes with ARM or atrophic AMD over 9 months. Although the method of assessing CS was comparable to the Aston study, supplementation formulation differed. The Taurine, Omega-3 fatty acids, Zinc, Antioxidant, Lutein study concluded that 76·7 % of the thirty-seven eyes with atrophic AMD had stable or improved VA at 6 months when taking an 8 mg lutein-based supplement. Although VA assessment was the same as for the Aston study, the type of ARMD and supplement composition differed (23) . The CARMIS investigators found that 10 mg of lutein-based supplement over 12 months increased mfERG N1P1 amplitudes in rings 1 and 2 in fifteen eyes with ARM or non-central geographic atrophy (25) . As the supplement composition and ARMD categories were not the same as for the present study, it is difficult to compare the CARMIS study with the Aston study. The CARMIS investigators did not report dietary levels of lutein and zeaxanthin throughout the study; thus it is difficult to determine if mfERG changes seen were due to supplementary or dietary changes in lutein and zeaxanthin.
There is paucity in the literature about the effect of lutein supplement withdrawal on measures of visual and retinal function. A study assessing the effects of a lutein-based supplement on the focal electroretinogram noted that a participant who had stopped taking the supplement had reduced focal electroretinogram amplitudes (43) . The Aston study is the first study to assess the effects of withdrawal of lutein-based supplementation on mfERG measures in human eyes with ARM.
Although freely available and relatively easy to measure, VA alone is not ideal to determine visual function in ARMD due to its subjective nature. Other measures of visual function need to be developed to better assess subtle changes in disease and the effect of clinical intervention. The introduction of repeatable, objective tests for macular pigments may provide additional accurate information with regard to lutein and zeaxanthin accumulation within the retina, leading to more favourable comparisons with objective measures of retinal function like the mfERG.
Study limitations
Food diaries were prospective and completed over several days to provide detailed dietary information. Return rates were lower than anticipated. A recall food diary would have provided a greater number of returned questionnaires as participants complete these during visits, although not as accurate due to participants having to remember food intake over a 3 d period.
The lack of placebo in the non-treated group may be considered a limitation. The time constraints of the trial and the costly and time-consuming nature of placebo manufacture meant that placebo allocation was not feasible. It may be argued that participants not receiving a treatment may bias the results by not engaging in the study as enthusiastically as those given a treatment or placebo. However, the results of the trial did not reflect this.
It may be argued that combining supplement components does not allow for the assessment of individual effects of each active ingredient on measures of visual function. However, many eye supplements available are combination supplements due to the synergistic nature of ingredients. Appropriate examples of synergism include Cu and Zn combinations required for Cu -Zn superoxide dismutase, a part of the antioxidant system within the retinal pigment epithelium and retina (44) , and increased bioavailability of lutein with the addition of certain oils (45, 46) . Because the causes of ARMD are multi-faceted, it may be that multi-ingredient supplementation is of more benefit than a single nutrient. Indeed, the Age-Related Eye Disease Study investigators found that Zn and antioxidants reduced the relative risk of developing advanced AMD by 21 and 17 %, respectively. When Zn and antioxidants were combined, the risk reduced further by 25 % (16) . Future studies comparing a lutein-containing and a lutein-absent supplement may better determine the role of lutein effects on visual and retinal function.
In summary, the CARMIS investigators' findings were not replicated in the Aston study. Extending on this, mfERG latency, subjective measures of visual function, dietary levels of lutein and zeaxanthin and supplement withdrawal were also assessed in the Aston study. The present study is the first to assess the effect of withdrawal of lutein-based supplementation on mfERG measures in ARM.
